SUMMARY. The alterations in local cerebral glucose utilization in 58 anatomically discrete regions which occur during a period of hemorrhagic hypotension have been investigated in conscious rats, using the quantitative autoradiographic 14 C-deoxyglucose technique. Hemorrhagic hypotension (mean arterial pressure reduced by approximately 50 mm Hg) effected significant increases in glucose utilization in eight areas of the central nervous system, namely, the nucleus of the tractus solitarius (glucose utilization increased by 38%), the dorsal motor nucleus of the vagus (by 36%), locus coeruleus (by 38%), lateral habenular nucleus (by 40%), periventricular nucleus of the hypothalamus (by 41%), paraventricular nucleus of the hypothalamus (by 97%), supraoptic nucleus (by 86%), and the interstitial nucleus of the stria terminalis (by 84%). In five of these eight areas (nucleus of the tractus solitarius, dorsal motor nucleus of the vagus, paraventricular and supraoptic nuclei, and the interstitial nucleus of the stria terminalis), a significant relationship could be demonstrated between the level of glucose utilization and mean arterial blood pressure. In the majority of the CNS regions examined (neocortex, hippocampus, thalamus, extrapyramidal and motor areas), hemorrhagic hypotension was without significant effect upon local cerebral glucose utilization. The results provide direct evidence of the functional involvement of specific brain areas of conscious rats (thus obviating complicating anesthetic influences) in the response of the CNS to hemorrhagic hypotension. (Circ Res 50: 633-644, 1982) 
THE neuroanatomical and functional organization of the mechanisms by which systemic blood pressure is regulated has been characterized in detail (Palkovits and Zaborszky, 1977) . Within the medulla, the involvement of the medial nucleus of the solitary tract (NTS), the dorsal motor nucleus of the vagus (DM X ), the nucleus ambiguus, the paramedian reticular nucleus, and the cuneate nucleus, among others, have been demonstrated neuroanatomically or, more usually, electrophysiologically (Palkovits and Zaborszky, 1977) . Neuronal activity within the two magnocellular nuclei in the hypothalamus, the supraoptic (SO) and paraventricular (PAV) nuclei, which mediate the increased release of antidiuretic hormone during arterial hypotension (Clark and Silva, 1967) , has been shown to be influenced by stimulation of both the carotid sinus and aortic depressor nerves (Calaresu and Ciriello, 1979) . In addition to the hypothalamus, a large number of supramedullary regions [including the locus coeruleus, the cerebral cortex, and the interstitial nucleus of the stria terminalis (NIST) inter alia] have been reported to exert a modulatory influence upon cardiovascular control (see Korner, 1971; Palkovits and Zaborszky, 1977; Hilton and Spyer, 1980 , for reviews). However, many previous investigations, particularly the elegant electrophysiological studies, do contain a number of well-recognized limitations, most notably distortions of normal functional activity resulting from the use of general anesthetics. Anesthesia elevates the threshold for baroreceptor activation, thus depressing synaptic transmission of baroreceptor inputs to the medulla (Miura and Reis, 1969) . Supramedullary regions, which have been implicated in cardiovascular regulation, are much more susceptible to the action of anesthetics than are those in the medulla (Price, 1960; Peiss and Manning, 1964; Korner et al., 1968) .
The autoradiographic 2-deoxyglucose technique (Sokoloff et al., 1977) has provided neuroscientists with a potent tool with which to investigate functional events within the central nervous system (CNS) of conscious animals (thus avoiding complicating anesthetic influences). The conceptual basis for this novel investigative aproach is derived from two premises. First, the energy requirements of cerebral tissue are derived almost exclusively from the aerobic catabolism of glucose (Sokoloff et al., 1977) . Second, functional activity within any region of the CNS is intimately and directly related to energy consumption within that region (Kennedy et al., 1975; Sokoloff, 1981) . The 2-deoxyglucose technique already has been employed with success to provide new insight into CNS processes in a wide range of physiological and pharmacological manipulations (Sokoloff, 1981; McCulloch, 1982) . In the present study, we have examined the alterations in local cerebral glucose utilization which occur in response to graded hemorrhagic hypotension in conscious rats. As the autoradiographic 2-deoxyglucose technique provides the simultaneous determination of glucose utilization in all neuroanatomically defined regions and nuclei within the CNS, the present study provides a com-prehensive analysis of the integrated functional alterations which occur in the brain in response to a hypotensive stimulus.
Methods

Preparation of the Animals
The experiments were performed on 15 male SpragueDawley rats weighing between 350 and 400 g. Prior to the experiment, the animals were maintained under a controlled lighting and thermal environment, and were allowed free access to food and water. On the day of the experiment, catheters were inserted into one femoral vein (to permit the administration of the H C-deoxyglucose) and both femoral arteries (to allow the intermittent sampling of arterial blood and the continuous monitoring of arterial blood pressure) during a brief period of light halothane anesthesia (1% halothane for approximately 30 minutes). The incision sites were closed and infiltrated with local anesthetic. A loosefitting abdominal-pelvic plaster cast was applied to the animals for restraint, and the cast then taped to a supporting lead brick. The rats were allowed to recover from the effects of anesthesia for at least 2 hours before any further manipulations were performed.
Hypotension was induced 50 minutes prior to the measurement of glucose utilization by controlled removal of arterial blood, and was maintained at the same level throughout the measurement period. In four of the 15 animals, insulin (0.2-0.4 unit) was administered intravenously 30 minutes prior to the measurement of glucose utilization to maintain arterial plasma glucose within the limits necessary for rigorous quantification of rates of glucose utilization . Only those 15 animals in which constant levels of arterial blood pressure and constant arterial plasma glucose concentrations were maintained throughout the measurement period, within the predetermined limits , were included in this study. An additional six animals subjected to hemorrhagic hypotension, which failed to meet these rigorous criteria, were excluded from the study, and no calculation of glucose utilization was made from autoradiograms from these animals. The pattern of altered glucose utilization in these animals, which is readily discernible from visual inspection of the autoradiograms, was indistinguishable from that in animals with similar levels of arterial blood pressure which fulfilled the criteria necessary for quantification of the rates of glucose utilization. Body temperature, hematocrit, blood pressure and arterial pH, carbon dioxide and oxygen tension were monitored throughout the experimental procedure.
Measurement of Local Cerebral Glucose Utilization
A detailed description of the theory and operational procedures for determining the rate of cerebral glucose utilization with 14 C-deoxyglucose has been published previously (Sokoloff et al., 1977) , and the present experiments were conducted in a manner similar to that described. The measurement of glucose utilization was initiated by administration of an intravenous pulse of 125 jnCi/kg 2-deoxy-D-[l-'
4 C]glucose. Fourteen timed arterial blood samples were then drawn during the succeeding 45 minutes. The blood samples were immediately centrifuged and the plasma was assayed for concentration of I4 C (by liquid scintillation counting) and of glucose (by automated enzymatic assay employing glucose oxidase). Approximately 45 minutes after the pulse of 14 C-DG, the animal was decapitated and the brain removed and frozen in isopentane chilled with dry ice (-45°C). The brain then was coated with embedding medium and stored at -50°C prior to sectioning. About 300 coronal sections, consisting of three serial 20-fim sections taken every 200 /im throughout the CNS, with additional sections being retained in the medulla and hypothalamus, were prepared in a cryostat (-22°C). These sections were exposed with medical x-ray film (Kodak SB-5) in light-tight x-ray cassettes for approximately 6 days. Adjacent sections were also stained with cresyl ciolet for precise histological identification of nuclei of particular interest, by reference to the atlases of Konig and Klippel (1963) and Zeman and Innes (1963) . Local tissue concentrations of 14 C were determined by quantitative densitometric analysis with a computer-based densitometer (Quantimet, Cambridge Instruments) with a variable frame size (e.g., area in which the average glucose utilization was measured), by reference to 10 calibrated 14 C-methyl methacrylate standards (ranging from 44 to 1475 nCi/g) which were exposed together with the brain sections. For each brain region in every animal, 12 determinations of absorbance (bilateral measurement in six sections) were made, using a fixed predetermined frame size. The smallest frame size used, for brain structures such as the locus coeruleus, was 0.02 mm 2 , whereas the largest one used, for structures like the caudate nucleus, was 0.25 mm 2 . The rate of glucose utilization in each region of the CNS was calculated from (1) the concentration of 14 C in this region, (2) the concentration of 14 C and glucose in arterial plasma samples during the experimental period, and (3) the appropriate constants for the rat, by means of the operational equation derived by Sokoloff et al. (1977) .
Statistical Analysis
Data are presented as means ± SEM. Statistical differences in measured variables in the two groups of rats (i.e., animals with mean arterial pressures, MAP, in the range 50-75 mm Hg) were analyzed using a one-tailed t-test, and the Bonferroni correction for a level was employed to maintain the overall a-level at 0.05 (i.e., for 13 degrees of freedom, the critical value of r was 3.94). The coefficient of correlation (r) for the relationship between local glucose utilization and the level of MAP in each animal (y = a + b log e x where x = MAP and y = local glucose utilization) was calculated by a least squares approach, and the Bonferroni inequality was employed to maintain overall significance at 0.05 level (i.e., for 13 degrees of freedom, the critical value of r was 0.737).
Results
General
Hemorrhagic hypotension effected alterations in a number of parameters other than local cerebral glucose utilization. Hypotension was associated with mild behavioral depression with animals displaying reduced spontaneous movement. Even at the most severe level of hypotension (arterial blood pressures of 50 mm Hg), consciousness was preserved and all rats displayed normal responses to auditory and tactile stimuli. Hypotension was also associated with hyperventilation, and a significant relationship (r = 0.901) could be demonstrated between arterial blood pressure (x mm Hg) and arterial carbon dioxide tension (y mm Hg) (y = -86.2 + 25.3 Iog e x). With hemorrhage, the large vessel hematocrit tended to decline, although the correlation with blood pressure was only modest (r = 0.536). As a consequence of the use of insulin, the correlation between blood pressure and arterial plasma glucose at the measurement of cerebral glucose utilization was poor (r = 0.411), although hemorrhage always resulted in an initial hyperglycemia. Rectal temperature was not affected by hemorrhagic hypotension.
Local Cerebral Glucose Utilization
Glucose utilization was determined in 58 anatomically discrete regions of the central nervous system during graded hemorrhagic hypotension. In the majority of the regions examined (50 of the 58 regions investigated), there was no significant difference (P > 0.05) between the rates of glucose utilization in In sharp contrast to the pattern of response in the rest of the CNS, hemorrhagic hypotension was associated with significant increases in glucose utilization in eight regions (Tables 1 and 2 ). In five of these eight areas (nucleus of the tractus solitarius, dorsal motor nucleus of the vagus, paraventricular and supraoptic nuclei, and interstitial nucleus of the stria terminalis), a significant correlation could be demonstrated between the rates of glucose utilization and mean arterial pressures (Figs. 2-5) . The differential pattern of response in each of the eight areas, which displayed increased rates of glucose utilization during hypotension, could be discerned readily from visual inspection of the autoradiograms (Figs. 6-10 ).
Discussion
The present study provides a comprehensive description of the distribution and magnitudes of the local alterations in function-related glucose utilization which constitute the response of the CNS to hemorrhagic hypotension. In the overwhelming majority of brain areas examined, the rate of glucose utilization was not significantly altered during the period of hypotension. Areas that displayed this pattern of response included all primary auditory and visual regions, all extrapyramidal and motor areas, most myelinated fiber tracts, and most anatomical components of the limbic system, and the failure of hemorrhagic hypotension to alter glucose utilization in the majority of these areas would be generally consistent with the well-defined functional roles, quite distinct from cardiovascular regulation, which these areas subserve. In a few small nuclei, located mainly in the medulla, pons, and diencephalon, increased rates of glucose utilization were observed which were related to the degree of hypotension.
Medulla
The medial portion of the nucleus of the solitary tract (NTS) is not only the first synapse of the afferents in the 9th and 10th cranial nerves from several different peripheral baroreceptor sites, but also the projecting area of a number of higher centers of the brain which have been implicated in the control of arterial blood pressure. In addition, the morphological and electrophysiological evidence points to the presence of a large number of interneurones within the NTS, which further emphasizes the complexity of the neuronal network within this nucleus (Palkovits and Zaborszky, 1977) . The NTS plays an inhibitory role in the central regulation of blood pressure; in the rat, electrical stimulation within the region of the NTS elicits hypotension and its ablation results in hypertension (Scherrer, 1967; Doba and Reis, 1973; Chalmers, 1975) . Thus, the observation of a marked alteration in functional activity (as reflected in an altered rate of glucose utilization) in the NTS during a period of hemorrhagic hypotension is consistent with the role this nucleus plays in cardiovascular regulation. As a reduction in blood pressure leads to deactivation of the baroreceptors and an inhibitory input to the NTS via the afferents from the baroreceptors, it might have been anticipated, from a simplistic viewpoint, that hemorrhagic hypotension would result in a decreased rate of glucose utilization in the NTS, and not the increase which was observed. However, the relative energetic demands (as reflected in glucose utilization in vivo) of neuronal excitation and inhibition are not well defined at the present time, although the available evidence does point to Na + /K + pump activity within the nerve terminals as being the major energy consuming process which is reflected in altered glucose use (Schwartz et al., 1979; Mata et al., 1980) . It is not possible to ascribe the alterations in glucose use in the NTS during hypotension to a particular energy-consuming process, at least at the present level of resolution, or to which structural elements (for example, the terminals of the afferents from the baroreceptors or the nerve terminals of the interneurones). Modifications of the 2-deoxyglucose technique which may resolve the latter question, at least qualitatively, are becoming available (Des Rosiers and Descarries, 1978; Sejnowski et al., 1980) . The results do provide a clear demonstration of the function-related increase in glucose utilization in the NTS during hemorrhagic hypotension. Moreover, as administration of the chemoreceptor stimulant, doxapram (Dopram; Robins) did not increase glucose use in the NTS (or in any of the other nuclei which displayed significant increases in the present study) (unpublished observations), it seems unlikely that the pattern of glucose utilization during hypotension reflects the attendant chemoreceptor stimulation. Our attempts to identify secondary synaptic sites of the baroreceptor reflex arc in the medulla, on the basis of locally altered glucose utilization, enjoyed only limited success. Increased glucose utilization was observed in the dorsal motor nucleus of the vagus (DM X ), which receives a neuronal input from the NTS (Norgren, 1978) and is itself the nucleus of origin of the vagal cardio inhibitory fibers. However, in the nucleus ambiguus, to which the NTS also projects (Morest, 1967; Palkovits and Zaborszky, 1977; Norgren, 1978) , no consistent alteration in glucose utilization during hypotension was found, although clearly demonstrable increases in glucose utilization were observed in some hypotensive animals (see Fig.  1 , as an example). There was no evidence in the present studies that glucose utilization in two other key medullary nuclei (the paramedian reticular nucleus, which receives carotid sinus nerve afferents (Miura and Kitamura, 1979) and the external cuneate nucleus, which receives an input from the aortic depressor nerve (Ciriello and Calaresu, 1978) ), was altered during sustained hemorrhagic hypotension.
Hypothalamus
The importance of several hypothalamic nuclei in the response of the CNS to hypotension has been well established, and the observation of increased glucose utilization in the four specific hypothalamic areas during hemorrhagic hypotension is consistent with the available neuroanatomical and functional evidence. In contrast, glucose utilization in other hypothalamic nuclei, such as the suprachiasmatic nucleus [which is involved in the regulation of circadian rhythms rather than circulatory control (see Schwartz et al., 1980) ], was not influenced by the level of mean arterial pressure. In the present study, the proportionately greatest increases in glucose utilization during hypotension were observed in the supraoptic and paraventricular nuclei. Cell firing rates in these two nuclei are influenced by the stimulation of carotid sinus and aortic depressor nerves (Calaresu and Ciriello, 1979) , and the involvement of these two nuclei in the increased release of antidiuretic hormone during arterial hypotension has long been recognized (Clark and Silva, 1967) . Moreover, the periventricular nucleus also projects to the posterior pituitary (Sherlock et al., 1975) , and this nucleus displayed increased glucose use during the period of hypotension.
Locus Coeruleus
The involvement of the locus coeruleus in cardiovascular regulation has long been suggested (Chai and Wang, 1962; Ward and Gunn, 1976) , and the present studies provide definitive evidence for the occurrence of increased glucose utilization (reflecting, presumably, increased functional demand) in this key region during hemorrhagic hypotension. In view of the integrated nature of the response of the CNS to induced hypotension, it is of interest to note the known neuroanatomical interconnections that exist between the nuclei in which increased glucose utilization was observed in the present studies. The locus coeruleus receives afferent fibers from the paraventricular nucleus (Swanson, 1977) , the interstitial nucleus of the stria terminalis (Swanson, 1976) , and the catecholamine-containing cell bodies in the region of the vagal nuclear complex (Lindvall and Bjorklund, 1978) . Fibers arising from the locus coeruleus innervate the lateral habenular nucleus, periventricular and paraventricular nuclei (Kobayashi et al., 1974; Lindvall and Bjorklund, 1978) , the NTS and dorsal motor nucleus of the vagus (Loizou, 1969; McBride and Suttin, 1976) .
The locus coeruleus appears to be involved functionally in the response of the nervous system to noxious or stressful stimuli (Korf et al., 1973; Saavedra et al., 1979) , and the stress, associated with the induced hemorrhage, may have contributed in part to the increased glucose utilization we observed in this nucleus. It should be emphasized that hemorrhagic hypotension was not associated with widespread alterations in glucose utilization in the terminal distribution of the locus coeruleus (e.g., neocortex, hippocampus, thalamus, etc.) (Lindvall and Bjorklund, 1978) , nor were alterations observed in the pontine reticular formation during hypotension.
Interstitial Nucleus of the Stria Terminalis
The local injection of noradrenaline into the interstitial nucleus elicits a reduction in mean arterial pressure (Struyker-Boudier et al., 1974) , and this, together with the neuroanatomical connections of the nucleus [it has projections to the posterior pituitary, paraventricular, and periventricular nuclei (Swanson, 1976; Kelly and Swanson, 1980) ], provides the basis for the tentative involvement of this nucleus in cardiovascular regulation (Palkovits and Zaborszky, 1977) . The increased glucose utilization that occurs in the interstitial nucleus during hemorrhagic hypotension provides further corroborative evidence of its involvement in the response of the CNS to cardiovascular manipulation. The major afferent connections of the interstitial nucleus of the stria terminalis are derived from the amygdala (Swanson, 1976) . However, in spite of the putative involvement of the amygdala in the response of the CNS to stressful stimuli and in cardiovascular regulation (Palkovits and Zaborszky, 1977) , no significant alteration in glucose use was observed in this region during hemorrhagic hypotension.
Epithalamus
The medial portion of the lateral habenular nucleus of the epithalamus displayed increased glucose utili- ring within the noradrenergic systems (cf increased glucose utilization in locus coeruleus, but not in the nigral or raphe complexes).
NTS
Cerebral Cortex
The deactivating effect on cortical activity of baroreceptor activation and of the flexibility provided by cortical and diencephalic systems to overall cardiovascular regulation, have been the subject of much speculation (Korner, 1971; Hilton and Spyer, 1980) . Electrical stimulation of the cortex can elicit alterations in arterial blood pressure, although this appears to be intimately related to muscular contraction rather than cardiovascular control (Hilton and Spyer, 1980) . In the present study, in conscious animals, normal rates of glucose utilization were preserved in each of the 10 functionally and anatomically discrete cortical regions investigated. Even within the cortical boundzation in response to hemorrhagic hypotension, and this observation provides the first definitive evidence of the involvement of this nucleus in response to hypotensive stress. Although the lateral habenula contains among the highest concentrations of vasopressin found outside of the hypothalamic-neurohypophysial system, the nerve fibers containing vasopressin appear to be derived from the suprachiasmatic nucleus of the hypothalamus and not the periventricular and paraventricular nuclei (Buijs, 1978) . The lateral habenula appears to play a major role in the processing of information from limbic and striatal forebrain areas to key nuclei in the brain stem Nauta, 1977, 1979) . By virtue of its unique connections with the raphe nucleus and substantia nigra-ventral tegmental area complex (Herkenham and Nauta, 1979) , the lateral habenula would be ideally placed to coordinate activity during hypotension within the ascending and descending serotoninergic and dopaminergic systems with those occur- ary zone (the region whose blood supply is derived from both the anterior and middle cerebral arteries and which is particularly sensitive to structural damage in severe hypotension), the rate of glucose use was unaltered during moderate hypotension in the present study. Whether our failure to observe any alteration in cortical glucose utilization indicative of cortical deactivation is related to our use of conscious animals and the avoidance of complicating anesthetic influences, or of some other mechanism, remains unclear.
Concluding Comments
In the present investigations, the quantitative autoradiographic 2-deoxyglucose technique has been employed successfully to map the function-related alterations in local cerebral glucose utilization which occur during a period of sustained hemorrhagic hypotension. Although the distribution of the highly focal alterations in metabolic activity are consistent, in general, with the functional organization of the mechanisms by which the CNS responds to reduction in arterial blood pressure, it should be emphasized that hemorrhagic hypotension constitutes an extremely complex stimulus for the CNS. The following factors-stress associated with hemorrhage, the elevation in the levels of circulating catecholamines and other humoral agents (each of which may, per se, have effects upon local cerebral metabolic activity), possible local direct effects of the reduced arterial pressure, etc.-all may have contributed to the pattern of altered glucose utilization observed during sustained hemorrhagic hypotension. The present studies do provide a detailed description of the integrated response of the CNS to a complex hypotensive stimuli, and may provide the basis from which one may conduct detailed investigations, with the 2-deoxyglucose technique in conscious rats (thus avoiding the complicating influences of anesthetic agents), of the responses of the CNS to more subtle cardiovascular manipulations (such as sino-aortic deafferentation, alone and in conjunction with hypotension, in spontaneously and experimentally induced models of hypertension, etc.).
